Abstract. In a previous publication by some of the authors (N.E.M., M.S. and M.F.Y.), we have argued that the "D-material universe", that is a model of a brane world propagating in a higher-dimensional bulk populated by collections of D-particle stringy defects, provides a model for the growth of large-scale structure in the universe via the vector field in its spectrum. The latter corresponds to D-particle recoil velocity excitations as a result of the interactions of the defects with stringy matter and radiation on the brane world. In this article, we first elaborate further on the results of the previous study on the galactic growth era and analyse the circumstances under which the D-particle recoil velocity fluid may "mimic" dark matter in galaxies. A lensing phenomenology is also presented for some samples of galaxies, which previously were known to provide tension for modified gravity (TeVeS) models. The current model is found in agreement with these lensing data. Then we discuss a cosmic evolution for the D-material universe by analysing the conditions under which the late eras of this universe associated with large-scale structure are connected to early epochs, where inflation takes place. It is shown that inflation is induced by dense populations of D-particles in the early universe, with the rôle of the inflaton field played by the condensate of the D-particle recoil-velocity fields under their interaction with relativistic stringy matter, only for sufficiently large brane tensions and low string mass scales compared to the Hubble scale. On the other hand, for large string scales, where the recoil-velocity condensate fields are weak, inflation cannot be driven by the D-particle defects alone. In such cases inflation may be driven by dilaton (or other moduli) fields in the underlying string theory.
Introduction and summary
November this year (2015) celebrates a century after Einstein proposed his equations for the dynamics of the gravitational field and the induction of space-time curvature by matter, which established the extremely successful field of General Relativity. Several important predictions from this theory have been verified experimentally in a plethora of experiments or observations, ranging from Earth-based ones to Astrophysical/Cosmological. Moreover, the current year has been declared the international year of light. In this respect we should mention that, over the past two decades, observations on cosmic light from celestial sources at cosmological distances from Earth have revealed important information on the structure and properties of the early universe. Extreme precision measurement of cosmic microwave background radiation fluctuations [1] , as well as observations of baryon acoustic oscillations [2] at galactic scales and high-redshift extragalactic type IA supernovae [3] lead, upon basing the underlying theory on a Friedmann-Lemaître-Robertson-Walker (FLRW) universe that follows the cosmological version of Einstein equations, to important information on the universe's current energy budget, its evolution and properties to as early epochs as inflation. [4] . Nevertheless, there are still many important issues that remain open or not understood at all. One of the most pressing ones, concerns the nature of the dark sector of our universe. Indeed, the above-mentioned observations [1] , lead to the conclusion that only 5% of the universe energy budget is occupied by the known matter (atoms, particles of the Standard Model and radiation). The rest is conjectured to be of unknown origin and in particular 69% of the current-epoch energy budget represents an unknown "dark energy" component, while the remaining 26% corresponds to an unknown form of matter, termed "dark matter".
The latter has been attributed to (yet undiscovered) particles that may exist in extensions of the standard model, such as axions, supersymmetry, string theory, higher-dimensional field theories, etc... Although there are stringent constraints on the dark matter relic abundance from direct and indirect (including collider physics) searches, nevertheless there is still no concrete experimental evidence of the existence of such particles.
The lack of such direct experimental evidence, prompted conjectures that a dark matter component in the universe does not exist but, instead, the assumption that the Newtonian gravitational equations describe the universe at galactic scales should be relaxed: one may have a MOdified N ewtonian Dynamics (MOND) at such scales [5] . MOND Theories have been embedded in relativistic modified gravitational field theories, where in additional to graviton fields, one had extra scalar and (constrained) vector modes, the so-called TensorVector-S calar (TeVeS) theories of gravity [6] . The phenomenology of these modified gravity theories is, at present, controversial, in the sense that although agreement is claimed in general with the plethora of galactic data [7] , nevertheless at least the simplest models of TeVeS theories proposed initially [6] are not compatible with lensing data in some sets of galaxies, including the bullet cluster, in the sense that one needs significant amounts of dark matter to make these models consistent with the data [8] ; this in contradiction to their original motivation as alternatives to dark matter. The situation of course is far from being conclusive, given that there may still still (more complicated) phenomenological models of modified gravity, or improvements in our knowledge of mass profiles and other parameters of such galaxies, that can still allow TeVeS models to be compatible with these data. The cosmology of TeVeS theories has also been developed [9] and some interesting links of the vector fields of such theories with large scale growth of the universe have been proposed [10] . Of course their phenomenology is not yet as well studied (or their agreement with the entirety of the available cosmological data as good) as the "conventional" ΛCDM (Cosmological Constant (Λ) Cold Dark Matter) model. One may argue, of course, that this might be due to the fact that the currently used TeVeS models are too simple for that purpose as they do not address the fundamental issue of the origin of the dark energy, which, if achieved, might lead to more complex theories that could fit the data better. It should be noted, however, that there is no microscopic origin of the currently available modified gravity (TeVeS/MOND) models, based on some underlying fundamental physics, and this is in our opinion a major drawback of all such models.
In ref. [11] we conjectured that modified gravity models involving fundamental vector fields, but quite different from TeVeS models, may appear as the low-energy limit of certain brane theories of the type proposed in ref. [12] . According to such theories, a (3 + 1)-dimensional brane universe propagates in a higher dimensional bulk punctured by populations of (effectively point-like) D0-brane (D-particle) defects, which are only weakly interacting among themselves, basically through gravitational interactions, and thus behave more or less as a dark matter cosmic fluid [13] (termed D-matter in [14] ). In ref. [15] we have put forward a proposal for the rôle such populations of D-particles might play in our universe, viewed as a D-brane world, in regards to large scale structure. We have argued that the fluctuations of the recoil velocity of (populations of) D-particle defects, arising from their interaction with stringy matter [13, [16] [17] [18] , can provide the seeds for the formation of galaxies, provided their densities are larger than a critical value. Formally this has been demonstrated by representing these recoil fluctuations as mean-field vector excitations of a stringy σ-model that describes the propagation of strings in cosmological FLRW space-time backgrounds, punctured by populations of fluctuating D-particles. It should be stressed that, since these models are based on string theory, their low-energy effective actions may contain phenomenologically realistic extensions of the standard model, which include conventional dark matter candidates, such as neutralinos, axions, etc... Our point of view in ref. [15] is that the D-particle recoil velocity fluid may provide an additional component that play the rôle of a mixture (as evidenced from the respective equation of state) of dark-matter-dark-energy component, which was shown to be responsible for large-scale structure growth, in a remote analogy with the rôle of the vector fields of TeVeS models [10] . However, we should stress that our D-brane/D-particle cosmologies are unrelated to, and in fact are very different from, TeVeS models in both their dynamics and spectra.
In the current work, we extend further the study of such models by discussing the rôle that the D-particles can play in two distinct eras of the universe evolution that are large structure and galaxy formation, and inflation. For galactic dynamics, we show that their effects can "mimic" and duplicate the effect of dark matter, under some circumstances that are outlined in detail. Specifically, data from galactic lenses indicate a miss-match between the observed baryonic mass content of the galaxy and the strength of the lensing it produces. This discrepancy is usually accounted for by the inclusion of dark matter gravitational sources, however we are able to show that D-particles can play a similar rôle. Their statistically averaged recoil velocities induce a modification to the standard gravitational relation, enhancing its effect on these scales. This mechanism can then compliment and enhance any dark matter component which may be present.
As we shall discuss in this article, we impose constraints on the density of the D-particles on our brane world and fine tune the cosmological constant so that the cosmic concordance model Ω m , Ω Λ , Ω k (in a standard notation), which best fits the observations [1] [2] [3] , is satisfied within experimental errors for the galactic era. The spatial flatness Ω k = 0 is guaranteed in our brane world model by construction (which is also consistent with our inflationary scenario), viewing our universe as a spatially flat brane. In general of course, without any restriction, the evolution of the D-particle Universe could be very different from the standard ΛCDM model. For the current era, of relevance for lensing, the so-considered range of D-particle densities occurs within a small window, which also ensures perturbation growth and large-scale structure but does not imply fine tuning of the model's parameters. Moreover, as we shall also show in this work, the age of the Universe in our model matches the expected one from the ΛCDM model. Furthermore, we also study the rôle that the condensation of the recoil velocity field can have in providing a (slow-roll) inflation mechanism, consistent with the latest cosmological data such as the Planck survey [4] . As we shall discuss, for the inflationary scenario to be driven by the D-particle-recoil velocity condensates, one needs large condensate fields, which require dense populations of D-particle defects in both the bulk and the brane world in the early universe epochs, as well as low string mass scales compared to the Hubble scale of the pertinent inflation. For weak condensates, such as the ones characterising the galactic era, where the string scale is large compared to the Hubble inflationary scale, inflation cannot be driven by the D-particles, although in such scenarios other moduli fields of string theory, such as the dilaton, might do the job, and in fact provide a Starobinsky-type inflation [18] . We also provide a smooth connection, in the sense of a cosmic evolution, between the weak condensates of the recoil velocity field at late epochs of the universe relevant for galaxy and large-scale structure formation, with the strong condensates induced by dense D-particle populations in the early universe that drive inflation. This is what we call the D-material universe.
The structure of the paper is as follows: in section 2 we review the relevant formalism and give the corresponding effective actions that describe the dynamics of the D-material universe. Given that the requirement of D-particle-driven inflation requires different parameters of the model (such as brane tensions) than those examined in ref. [15] , which concentrated only on weak condensates sufficient for lensing data, we revisit the relevant dynamics and outline the relevant conditions that allow the D-particle fluids to "mimic" via their recoil fluctuations the dark matter component. This is done in section 3, where by performing a lensing phenomenology in a sample of galaxies we demonstrate consistency of the approach, in the sense that the required densities of D-particles from galaxy to galaxy vary only by at most 10%-20%, which is compatible with the existing uncertainties of the lensing data. Finally in section 4 we discuss the rôle of D-particles in driving inflation and show that only for dense populations in the early universe, which implies large condensate fields, this is possible. Nevertheless, as already mentioned, the case of weak condensates is not ruled out since in this case inflation might be driven by the dilaton or other moduli fields present in string theory. Finally, conclusions and outlook are given in section 5. Some technical aspects and other review material of our approach are described in two appendices.
2 Low-energy string effective actions for the D-material universe
As discussed in refs. [15, 18] , the following four-dimensional space-time effective action expresses the interaction of stringy matter on a brane world of three longitudinal large dimensions with a medium of recoiling D-particles in the early universe 1
where the second term on the right-hand-side is the standard Dirac-Born-Infeld (DBI) action describing the dynamics of open vector fields on a D-brane world; S m denotes the matter action, describing the dynamics of matter and radiation particles on the brane world; G µν is a flux gauge field, one of the many that in general exist in brane models, and whose importance will become clear later on; T 3 is the brane tension, a priori unconstrained; g = det(g µν ) is the determinant of the gravitational field g µν ; φ is the dilaton field, which is assumed constant, φ = φ 0 , for our purposes; and g s0 is the string coupling for constant dilaton φ 0 . In the presence of a dilaton, the full string coupling is defined as g s = g s0 e φ . The vector field A µ (of mass dimension one, in our conventions) denotes the recoil velocity field excitation during the string-matter/D-particle interactions [16, 17] which has a field strength (of mass dimension two) given by
The background configurations will be discussed later on. We consider the recoil gauge field mainly confined on the brane world and hence its dynamics are described by the well known Born-Infeld square root Lagrangian on the D3-brane world, which includes a resummation over all powers of α [19] .
1 Throughout this article, the following conventions are adopted: the metric signature is (−, +, +, +), the Riemann curvature tensor is defined as R The quantity κ 2 0 is the four-dimensional bulk-induced gravitational constant defined as
where V (6) is the compactification volume in units of the Regge slope α of the string theory describing the excitations on the brane world and 4) in the (open string/brane) model of ref. [20] , which we adopt here. The cosmological constant termΛ is induced in general by bulk physics [18] and it is a free parameter in the phenomenological approach we follow here. Note that in certain models, it may even be of anti-de-Sitter typeΛ < 0. Before proceeding we should remark for completeness that a basic assumption [15] underlying (2.1) is that any mass contribution of the D-particle defects to the vacuum energy density is considered subleading, compared to the recoil and other terms present in (2.1). This is because, as discussed in refs. [12, 13] , there are mixed sign contributions to the brane vacuum energy as a consequence of bulk D-particle populations at various distances, near (less than the string scale) or further (a few string lengths) away from the D3 brane world, which "screen" the D-particle mass contributions. For future use we mention at this stage that the D-particle mass energy density in the Einstein frame is independent of the dilaton φ. To see this, let us start from the corresponding expression in the string frame
where N D /V (3) is the number three-density of D-particles on the brane world and V (3) is the proper three-volume. Above, we took into account that, since (2.5) refers to a contribution on the brane world effective action, where open strings end, there is a e −φ factor in front of the corresponding space-time integral, which makes the effective mass of the D-particle M s /g s = e −φ M s /g s0 , given that the string coupling is g s = g s0 e φ . Upon passing into the Einstein frame (designated by an upperscript "E" in the appropriate quantities), that is upon rescaling the space-time metric by (in four space-time dimensions)
the proper volume scales as V (3) E = e −3φ V (3) , and hence the energy density (2.5) contribution to the four-dimensional action (2.1) becomes
that is independent of the dilaton φ. This will be used below, when we consider constraints on the vacuum energy imposed by using the dilaton equations of motion. Such terms escape these constraints. Note that in the Einstein frame, the mass of the D-brane is fixed to M s /g s0 . Moreover, it is in this frame that the standard FLRW form of the universe metric is assumed, implying the scaling ρ E D−mass density ∝ a −3 , where a is the scale factor, on account of the assumption of "weak-or no-force condition" among D-particles [12, 13] . 2 Thus, in general, taking into account their scaling as a −3 , one may absorb such subleading D-particle mass terms contributions (2.7) into the 'matter' action S m . Throughout this work we assume that the D-particle recoil velocity effects to the vacuum energy -which by the way, as we showed in ref. [15] and discuss here (cf. eq. (A.22) in appendix A), also scale like a −3 after exit from inflation -dominate until the current era. 3 During inflation, as we discussed in [18] and shall review below, the assumed high density of D-particles implies a constant density of D-particles on the brane, which contribute crucially to a Starobinsky-like inflation driven by strong condensate fields of the recoil velocities field strength F µν F µν . After this necessary digression, we next remark that the four-dimensional DBI action (on the D3-brane world) in (2.1) can be expanded in derivatives, as appropriate for a low-energy weak-field approximation 4 compared to the string scale M s = 1 / √ α , as follows [19] 
where
In our approach, as discussed in appendix A, the "magnetic field" dual components for the recoil velocity field strength are subleading, and thus for us I 2 will not be considered further. Upon such derivative expansions, the resulting effective action on the D3-brane universe, in 2 Numerically, if the contribution (2.7) was unscreened from bulk D-particle effects, it could play the rôle of a dark matter energy density component. In such a case, and under the assumption that today there are n m ∼ 0.3 is the current value of the matter contribution in the universe energy budget (in units of the critical density), as measured by astrophysical data [1] . Thus we obtain the following upper bound for today's density of the D-particle populations on the brane world 8) where MD = Ms/gs0. Given that H0/M Pl ∼ 10 −60 , and Ms ≥ O(10) TeV, phenomenologically, we observed that this bound is very stringent. However, as mentioned earlier, the presence of bulk D-particles, interacting via stretched open strings with the brane world, as well as the bound D-particles, screen the D-particle mass to an effective one MD Ms/gs0. In this case, much higher densities on the brane world are allowed, as can be seen from the above considerations.
3 In other scenarios, even those effects may be screened by the bulk D-particle populations that accompany the D3-brane world in its travel through the bulk space, and in this way much higher densities of D-particles bound on our brane universe can be allowed without overclosing the universe [13] . In fact, in such cases one may use the induced refractive index of the (dense) "D-foam" medium at late eras in order to explain certain observed delays of the more energetic photons compared to lower energy ones, from distant active celestial sources such as Gamma Ray Bursts or Active Galactic Nuclei [21] . On the other hand, under the assumption adopted in the current work that the recoil effects are dominant until the current era, one obtains as we shall see (cf. eq. (3.16)) an upper bound for the allowed D-particle densities that is much weaker than the one required to reproduced these delays. 4 Such derivative expansions are appropriate for weak recoil fields, which is the case characterising the galactic eras of the universe, of interest to us when we consider the rôle of the D-particles as providers of structure growth [15] . However, as we shall discuss later in the article, dense D-particle populations in the early eras can condense and induce an inflationary era, which is characterised by strong recoil velocity fields. The latter necessitates keeping the Born-Infeld-square-root structure intact.
the Einstein frame (2.6) (denoted by a superscript E), becomes
where from now on we work with a constant dilaton φ = φ 0 . As we discussed in ref. [15] and review in the appendix, there is an additional constraint which the velocity field satisfies; it basically arises from the standard relativity relation of a four velocity u µ u µ = −1 where the contraction is with the metric g µν 12) where the right-hand side arises from dimensional considerations. For a constant dilaton, which is the case we consider throughout this article, one may redefine the vector field A µ so as to have canonical kinetic (Maxwell-type) term, that is 13) which implies that the constraint (2.12) becomes
Thus, from now on we shall be dealing with the action
where F is the Maxwell field strength for the field A µ given in eq. (2.13) and λ is a Lagrange multiplier implementing the constraint (2.14). Notice that the first two terms on the righthand-side of eq. (2.15) play the rôle of a cosmological constant
A detailed study of the equations of motion and background solutions for the recoil vector field have been discussed in ref. [15] and will only be briefly reviewed below, as we shall need them to make our estimates on the D-particle recoil-velocity fluctuation effects on the galactic dynamics. The background field configurations we shall use for our purposes in this article are reviewed in appendix A, along with their basic properties and order of magnitude estimates.
The graviton equation of motion obtained from eq. (2.15), on assuming to first approximation that terms involving ρ vac F 2 or derivatives of F 2 can be neglected, 5 is given by
δg µν is the matter stress tensor and where we defined
For future use we note that, by contracting the vector field equation of motion obtained from eq. (2.15)
(where the semicolon denotes covariant derivative) with A µ , and then applying the constraint (2.14), we obtain the following form for the (background value) of the Lagrange multiplier field
which we shall make use in the next section when we estimate the recoil effects of the Dparticles on the universe dynamics during the galactic era. An important point to note, which was the subject of discussion in ref. [15] and which we only mention here for completeness, is that the constraint term in eq. (2.15) is vital in coupling the recoil vector field perturbation to the density perturbations through the λ(x) A µ A ν term in the respective stress-energy tensor obtained from eq. (2.15). Last but not least, before we embark on an estimation of the D-particle effects on the galactic dynamics, we would like to comment on the physical importance of the constraints imposed by the dilaton equation, which should be taken into account despite the fact that the dilaton is considered to be constant in our analysis. The dilaton equation of motion, obtained by varying the effective action (2.15) with respect to the dilaton field φ and setting it to a constant value φ 0 at the end of the variation, reads
where the . . . on the left-hand-side of this equation denote subleading terms (involving derivatives on F of the form − 3 2 αe −2φ ∇ 2 (F αβ F αβ ) or proportional to the Lagrange multiplier λ which satisfies eq. (2.20)) which are ignored. Taking into account [15] that for galactic scales the terms α F F R α
T 3 e 3φ 0 g s0 , eq. (2.21) can be well approximated by 22) which in turn implies that the cosmological constant on the brane world Λ 0 , defined in eq. (2.16) with positive tension T 3 > 0 (as required for stability), is negative
This can be remedied by assuming that such (anti-de-Sitter type) terms cancel against dilaton independent contributions to the brane vacuum energy, coming from appropriate combinations of the mass terms of D-particles bound to the brane world [18] as in eq. (2.7), and bulk gauge flux fields inducing condensates of the form appearing in the action (2.1) -which as we shall argue in section 4 play an important rôle for inflation. In this way, during the galactic era, only a small positive cosmological constant term survives, which plays no significant rôle on the galactic scale lensing phenomenology, in accordance to observations. This assumption will be understood in what follows.
Lensing phenomenology of the D-material universe
To discuss the phenomenology of our D-particle universe using galactic lensing data, we use the action (2.15). We shall use the local form of the recoil vector field eq. (A.14), averaged at the end over populations of D-particles in the neighbourhood of a galaxy. As mentioned previously, we also assume that at the local galactic level, any contribution of the four-dimensional brane world vacuum energy Λ 0 is small (or cancelled appropriately), of the order of the observed cosmological constant today, so that it may be safely neglected to a first approximation when considering the dynamics at galactic scales, as relevant for lensing.
The equations of motion
Let us now give an order of magnitude estimate of the various terms appearing in the graviton equation (2.17), setting Λ 0 to zero, before we proceed with the detailed lensing phenomenology. This will be useful in yielding a qualitative understanding on the order of magnitude of the quantity |β|, defined in eq. (A. 19) , needed for the D-particle defects to play the rôle of dark matter candidates and providers of large scale growth structures [15] .
To this end, we first notice that, upon using classical backgrounds, which are discussed in detail in ref. [15] and reviewed briefly in the appendix, the penultimate term on the left-handside of eq. (2.17) will vanish identically, due to the constraint (2.14) that such backgrounds satisfy. In addition, on account of eq. (2.20), the term on the stress tensor proportional to the Lagrange multiplier λ yields terms proportional to derivatives of the field strength, which are suppressed compared to the remaining contributions from the vector field (however the reader should bear in mind the aforementioned important rôle of this term in coupling the perturbations of the vector field to the density perturbations [15] , thus leading to the growth of structure).
Moreover, as we discussed above, any spatial ("magnetic type") components of the field strength are subleading compared to the "electric" type ones F 0i , which, on account of (A.16), implies
where the local metric that contracts the velocities is given by eq. (A.13). For a lensing galaxy at redshift z, we apply eq. (A.17) for today's observational time (t = t 0 , a(t 0 ) = 1) [22]
. At this point we can take the statistical average of the velocities over populations of D-particles in the neighborhood of galaxies, as given in eqs. (A.19), (A.22), which yields
where the index i spans Cartesian coordinates. We also have (in Cartesian coordinates)
where the . . . denote subleading terms of order either x i ζ r H(z), or x i x j ζ 2 r 2 H(z) 2 , which are ignored to a first approximation.
Einstein's equations for the lensing system are best described in spherical polar coordinates (t, r, θ, φ) to which the above quantities easily transform to. When investigating the modified Einstein's equations, the two components we will use to find the differential equation system that defines ζ(r) and ν(r) will be the tt and θθ components. In fact, the symmetry of the system we are analysing allows us to set θ = π 2 . Thus, the θθ component of F µρ F νρ will be given by
Hence, the components we will use in eq. (2.17) will assume the form
with σ 2 0 (t 0 ) |β| (cf. eq. (A.19)). Moreover, non-minimal terms in eq. (2.17) of the form F 2 R are also suppressed and ignored in our leading order estimates below. Taking the above considerations into account and concentrating on the tt component of the graviton equation (2.17) after taking statistical averages as in eq. (A.19) and using eq. (3.6), we approximate it as follows (the observation time is set to today t = t 0 with a(t 0 ) = 1)
where the . . . denote subleading terms, such as αe −2φ 0 F tρ F tρ R and terms containing derivatives on F . For ease of presentation above we also took into account that for the lensing data e ζ(r)−ν(r) = O(1), however for the full numerical calculation presented in Table 1 these terms were computed explicitly.
To model the lensing systems we shall be looking at, we take the energy momentum tensor to describe an ideal pressureless fluid, thus
We hence observe from the right-hand-side of eq. (3.7) that the recoil-velocity-field contribution to the tt component of the stress tensor has the right sign to be interpreted as a positive energy density contribution. The quantity 1
plays the rôle of an effective inverse gravitational constant, which thus depend on the statistical variance of the recoil field |β|. For the lensing analysis, |β| is determined from eq. (A.23) and M s (the string mass) can take any value such that M s 10 18 GeV; however the assumption of non observation of large extra dimensions in current particle accelerators (including the run II of LHC) means that M s 10 4 GeV.
For concreteness, from now on we set the constant dilaton value to zero φ 0 = 0. We also note at this stage that, in the analysis of ref. [15] , the brane tension was taken to satisfy
In such a case, J = 1 in eq. (2.18). However, as we shall see in section 4, one cannot obtain consistent inflation for brane tensions for which eq. (3.10) is adopted. On the contrary, for the case of consistent inflation (that is when we have large-fields, compared to the Planck mass scale) in which the D-material universe evolution connects smoothly the galactic-structure era to the inflationary era, one needs J 1. This will be the case of interest to us in the present study. Again for concreteness, we consider for the remainder of the paper that the brane tension and the parameter κ 0 (which is phenomenological in our construction) satisfy
The identification of the parameter κ −2 0 with half of the (square of the) four-dimensional reduced Planck mass, M 2 Pl = (16πG) −1 , was chosen so as, on account of eq. (3.9), to have 12) given that the term proportional to β on the right-hand-side of eq. (3.9) is relatively suppressed for |β| 1 (which as we shall see is the case). This is desirable from the point of view of not having significant variations of the gravitational constant, due to the unobserved (so far) violations of the weak equivalence principle. The reader should also notice that the choice eq. (3.11) necessitates low string mass scales, M s M Pl , as assumed in ref. [15] , if one requires J 1 in order to satisfy the criterion for a smooth connection of this era with inflation. 6 Using eq. (3.8), demanding the recoil-vector-field contributions to the stress tensor to be at most of the same order of magnitude as the mass terms, and considering typical values of the mass density ρ(r) for lenses to be of order ρ(r) ∼ 10 −119 M 4 Pl (cf. Table 4 below), we obtain from eq. (3.7) the following upper bound on the parameter |β| |β| ≤ 4 3
on account of eq. (3.11). For e.g. M s 10 4 GeV (used as a concrete case in ref. [15] ) and taking into account that H ∈ (−1, −1/3), i.e. of O (1), for a redshift range of interest z ∈ (0, 2), we observe from eq. (3.13) that |β| ≤ 10 −92 .
However, as discussed in ref. [15] , there is a minimum |β|, i.e. a minimum density of Dparticles, that guarantees the existence of a growing model. The reader should bear in mind that the normalisation of |β| in ref. [15] was different from the one used in the present study, since in ref. [15] we had absorbed in the definition of the recoil velocity a dimensionless factor t c / √ α where t c is the time of contact of the string matter with the D-particle defect. More precisely, the relation between the recoil velocity v MSY used in ref. [15] and the dimensionless recoil velocity u i used here is
For the galactic era, of interest to us in this section (as well as in ref. [15] ), t c ∼ t 0 ∼ H
and thus the relation between the two |β| parameters, defined through eq. (A.19) for the respective recoil velocities, is given by 14) with again the notation |β MSY | referring to definitions used in ref. [15] . It was shown in ref. [15] that, for M s ∼ 10 4 GeV, g s0 ∼ 0.1, growth of structure due to the recoil velocity field is possible for
a value which is largely insensitive to the value of M s ∈ (10 4 ; 10 18 ) GeV. This implies (for the |β| used here)
The analysis in ref. [15] assumed a brane tension satisfying eq. (3.10). As we shall discuss in the next section, inflation can only be driven by large D-particle recoil-velocity condensates which occur for relatively large brane tensions T 3 compared to those satisfying eq. (3.10). It would be therefore essential to repeat the growth-of-structure analysis of ref. [15] for such large values of T 3 .
Indeed, relaxing this condition and considering a wider range of values for the tension does not affect the value that β MSY needs to take in order to ensure the growth of structure. This is because the dominant terms in the the equation governing the growth of vector perturbations in eq. [15] have a simple relationship with the tension T 3 , such that it appears only as a scaling term. Thus, the vector field associated with the D-particle recoil velocity excitation always enters a growing mode for β MSY 10 −3 , and T 3 simply scales the result. As a consequence, by appropriately scaling the initial size of the vector perturbations in the early universe, any value of T 3 can be made compatible with the growth of structure.
Using eqs. (A.23), (A.24) in our semi-microscopic model for estimating |β|, we obtain the allowed range of |β| and densities of D-particles. Considering M s ∼ 10 4 GeV) we get
10
−95 ≤ |β| ≤ 10
which serves as an indicative order of magnitude for the required densities so that the Dmatter recoil-velocity fluid in this stringy universe can "mimic" dark matter in galaxies, in the sense that its contribution to the energy density is of the same order as the mass density of a galaxy. Upon comparing (3.16) with the upper bounds on the number density of D-particles (2.8), obtained in the case where the screening of their mass effects by the D-particles neighboring the D3-brane world did not occur, the alert reader can appreciate the significant increase in the allowed densities in our case, without overclosing the universe. In this latter respect some remarks are in order at this point. Although the rest mass contributions of D-particles have been assumed to be neutralised to a large extent by repulsive contributions from populations of D-particles in the neighbourhood of the brane world [15] , it is worth mentioning that if the above upper bounds on the present-era density of D-particles of (rest) mass M s /g s0 are satisfied, then the corresponding contributions to the brane's vacuum energy (as seen by a comoving observer, and assuming the D-particles bound on the brane and comoving with its expansion) would be ρ D mass ∼ n
b is the number density of baryons in the universe, and estimating the baryon density by considering a common proton mass m p for all species of order 1 GeV, we obtain ρ D mass ∼ 10 −17 ρ
b the energy density of the baryons in the present universe. For masses of M s /g s0 ∼ 10 5 GeV, we obtain that ρ D mass ∼ 10 −12 ρ b , which means that the overclosing of the universe is in fact not a problem at all.
The lensing system
After the above generic estimates, we now proceed with the detailed lensing phenomenology. There are two spherical mass profile which we use for the lensing analysis. First there is the Hernquist mass profile, which is used to model the baryonic mass profiles of the galaxies we are looking at. It is described by
This definition uses the standard Schwarzschild radius parameter,r, which is related to the radius parameter which appears in the metric system defined in eq. (A.13) througĥ r = e ζ(r)/2 r. There is also a parameter, r h , which defines a scale for the core of the mass distribution. This scale is derived from the observable half mass radius R e . M denotes the total mass of the galaxy.
Second we use the Navarro-Frenk-White (NFW) profile [23] , which is usually used to model the total dark matter and luminous matter contributions to a galaxy. It is described by
where Γ = ln (1 + C) − C 1+C , C is a concentration parameter, usually taken to be around 10 based on computer simulations, and r vir is the virial radius, related once again to the observable half mass radius, R e .
The above mass profiles are used in the equations describing the deflection of light in our system. The deflection of light in our metric (A.13) is given by ∆ϕ = 2 19) where r 0 is the point of closest approach for the light ray and b is the observable impact parameter of the light ray. They are related to each other through
Note that the mass profiles implicitly appear in the above equations through the dependence of ζ(r) and ν(r) on the density profile ρ(r), which is derived from the mass profiles. Finally the lensing system is described by the thin lens equation, that iŝ 21) whereβ is the unknown true angular position of the source galaxy, θ is the observable angular position of the source, D ds is the angular distance from the source to the lens and D s is the angular distance to the source. There are two unknowns in the above equation, the deflection angle ∆ϕ andβ, thus two images of the source are needed and the data from both are combined to constrain the true values of these parameters. Note that here we use a concordance cosmological model (Ω m , Ω Λ , Ω k ) = (0.3, 0.7, 0), since departures from it lead only to insignificant changes in our lensing analysis. 7 The lensing equation (3.21) is applied independently to the multiple images of the background source, and solving it we obtain the actual positionβ of the source and the mass M of the lens.
To estimate the amount of dark matter in the system, the lensing mass is compared to the stellar mass content of the galaxies. The stellar mass is calculated assuming both a Salpeter [24] Initial Mass Function (IMF) and a Chabrier [25] IMF. The IMF is defined as the distribution of stellar masses at birth, and for our purposes it is relevant as it dominates the conversion of light into mass. It is usually assumed to be a universal function, although there is some discussion about the exact form of the IMF. For this reason our analysis presents two choices of IMF, a classical Salpeter function, which consists of a single power law, therefore along the lines of a claimed excess of low-mass stars; and a Chabrier IMF, which truncates the power law with a lognormal distribution at the low mass end, resulting in systematic lower values of the mass to light ratio. The stellar mass estimates for the two cases were based on the results presented in ref. [26] . The stellar mass is measured out to some apperture radius, and the lensing total mass is truncated to this radius when comparing the two values.
Comparing the lensing mass and the luminous mass of the galaxies allows us to estimate the dark matter content of the galaxies. We can then alter the value of the key parameter in the D-particle model, that is T 3 β, to give the best fit value of T 3 β for no dark matter to be required in these systems. Note that the purpose of this analysis is not to show the lensing can be explained in the absence of dark matter, as dark matter candidates come naturally with the string model we are working with. However, the results for T 3 β shown in Table 1 below represent the upper bound on the value of T 3 β in these systems.
We examine a selection of lensing galaxies from the CfA-Arizona Space Telescope Survey (CASTLES) [27] database. Given our 1-D lensing analysis, we are restricted to only analysing those lenses with 2 images only, as systems with quad images require accounting of the ellipticity of the lens. We are also restricted to looking at those galaxies for which there was high quality data for the luminous mass content. We thus get the list of 11 galaxies for which we present results below. Note that Q0957+561A and Q0957+561B are both a special case for which one galaxy was lensing two separate sources simultaneously. The results for the Hernquist profile are presented in Table 1 and the results for the NFW profile are given in Table 2 .
Note that in the results, using the Salpeter IMF leads to a negative estimate for the dark matter content of two galaxies, namely BRI0952-012 for the Hernquist and NFW profile, and Q0142-100 for the NFW profile. This is a result of the form of the IMF, which tends to systematically overestimate the contribution of low mass stars when calculating the stellar mass of galaxies. We include both IMF's for completeness and also to show the weak dependence of our results on the specific IMF chosen, but the Chabrier case is widely considered to be the most evidentially robust for precisely this reason [26] .
Thus, given the allowed range of values for β in eq. 
Numerical estimates of the modified contributions
We shall now examine some numerical results for different contributions of the graviton equation of motion, to allow a more intuitive understanding of the different contributions arising from our model. Table 3 shows the values of the different contributions to κ −2
eff . The second term will be of the same order as 1/8πG when T 3 β = 10 −33 M 4
Pl . Thus, in order to ensure that there is a negligible contribution from our model to the value of the effective gravitational constant, we get an upper limit on T 3 β of 10 −33 M 4
Pl . However, more stringent upper limits on this value come from other considerations, as shown in eq. (3.16).
In Table 4 we show the values of the standard GR terms and the modifications coming from our model. The following can be seen: looking at the last item in the table we can see that this will be of the same order as the GR contribution only when T 3 β ≈ 1 × 10 −123 . Note that the above analysis can only provide a rough understanding of the relative sizes of the contributions coming from different parts of the model; a more accurate numerical analysis presented in Table 1 does not make the same simplifications as the ones that have been taken here, and this accounts for the difference in the calculated value of T 3 β and the one estimated above. 
Inflation induced by D-particles
Another important aspect of D-particles outlined in ref. [18] is the fact that they may induce inflation, through condensation of their recoil velocity field. There are two physically relevant cases, which as we shall discuss below depend crucially on the size of the string scale involved. One pertains to large condensate fields, which may arise in the case of very dense populations in the early universe, but which dilute today. This case, which we shall study first, is appropriate for low string mass scales M s compared to the Hubble scale. The second case pertains to weak condensates, which are associated with string scales large compared to the Hubble inflationary scale and will be studied later on. Only the strong condensate case leads to consistent inflation, compatible with the Planck data [1] , as we shall demonstrate below.
Formalism
Before going to the specifics, it is useful to first introduce the reader to the pertinent formalism. For the inflationary metric, the background recoil-vector field assumes the form (A.14) but with the term t c being dominant over the term (t a(t c )/a(t)) 2 as a result of the exponential expansion of the universe and the fact that t c is of order of a few string time scales t c ∼ √ α . The relevant background vector field is
1) and the metric g µν (t) is just the homogeneous and isotropic de-Sitter FLRW metric (A.1) with a(t) = a 0 e H I t and H I the Hubble scale during inflation, which is assumed constant and of the following order of magnitude H I ∼ 10 −5 M Pl H 0 [1] . Thus the recoil vector field is assumed homogenoeus and isotropic in agreement with standard cosmology. This is a feature consistent with the assumption of dense populations of D-particles in the early universe. As discussed previously, we can covariantise the background, using eq. (A.8), which satisfies the constraint (A.11). The "electric" field strength corresponding to this case is given by eq. (A.12) in appendix A. Due to the time dependence only of the background there are no "magnetic field" components, F ij = 0.
As we shall demonstrate below, inflation can be induced in case there are very dense populations of D-particles in the early universe, leading to large condensates of the respective velocity fields. In such a case, the full structure of the Born-Infeld action (2.1) needs to be kept. As in the perturbative case, we shall also adopt a mean field approach in which we shall consider appropriate distribution functions over the D-particle recoil velocities. We consider distributions of the stochastic Gaussian type (A.19), which preserve the rotational symmetry and isotropy and homogeneity of space-time (and are thus consistent with the cosmological principle). For strong condensates, the full Born-Infeld effective action (2.1) will be used to describe inflation. Using eq. (2.9) we do observe that in the Minkowski space-time, there is an upper bound on the allowed value of the condensate of the "electric field" F µν F µν = − E 2 a 2 (t) , with F 0i ≡ E, otherwise the integrant of the square root becomes imaginary. This is the "well-known" problem of the "maximal electric field" in the Minkowskian Born-Infeld theory. However, as we shall discuss below, when we consider the dynamics of inflation, we shall work necessarily in a finite temperature formalism, that is a Euclidean time, in order to account for the (observer dependent) de Sitter temperature characterising the inflationary scenario. In this case, the Euclidean Born-Infled action does not have a bounded "electric" field. Analytic continuation back to Minkowski space-time can be performed at the end of the computations.
From eq. (2.2), one can define a dimensionless covariant condensate in the FLRW spacetime background described by the FLRW metric g ij (A.1)
where u phys i = au i is the D-particle recoil velocity in the comoving frame. During inflation (approximately de Sitter space-time background), there is a temperature associated with that frame, the so-called Hawking-Gibbons temperature of a de Sitter space-time [28] /m D = g s0 p i /M s is now assumed to undergo this thermal distribution, because it is only in the physical (cosmological observer's) frame that such a (observer dependent) temperature can be defined, as explained above. Thus the variance u 
M 2 s dp p 4 e −p/T dp p 2 e −p/T ∼ 12 g 2 s0
during inflation, and that it is approximately constant, decreasing with H I . In the nonrelativistic case, that is when the string scale is much higher than the inflationary scale, one has instead a Maxwell distribution (Gaussian in the velocities) with
M 2 s dp p 5 e −p 2 / T m D dp
It is important to notice that the correct treatment of a thermal distribution of recoil velocities requires a Euclideanised space-time, stemming from the replacement of the time coordinate with a Wick rotated one, x 0 → iτ , which is then identified with the inverse temperature. In this sense the (dimensionless) condensate of the field strengths (4.2) then assumes the following form in an order of magnitude estimate
for M s H I (relativistic)
and notice that this Euclideanised condensate (indicated with the superscript E) is positive definite, so large values (much larger than one) are allowed, which would otherwise have been excluded on the basis of the reality of the argument of the square root of the Minkowskian Born-Infeld Lagrangian. This Euclidean path integral was adopted by Hawking in his treatment of the thermal properties of the black-hole horizon [29] , and by Gibbons and Hawking [28] when discussed the de Sitter temperature, which is of interest to us here.
The fate of D-particle induced inflationary scenarios for small condensates
We next proceed to consider the possibility of D-particle-recoil-induced inflation in the case where the condensate is much smaller than one (weak field), which pertains either to the case when M s H I in eq. (4.7) or to the case of arbitrary string scales but with the brane tension satisfying eq. (3.10) -cf. discussion around eq. (4.28) in the next subsection. Weak condensates characterise the galaxy growth era [15] . As we shall demonstrate below, such situations cannot lead to inflation driven by the recoil velocity. Nevertheless, in such a case, other moduli fields in string theory, such as the dilaton (for large negative values), can drive a Starobinsky-type inflation, as discussed in ref. [18] and reviewed briefly in appendix B.
The dynamics of small condensates is described by an appropriate weak-field expansion of the Born-Infeld square root action of (2.1). For our purposes, it suffices to keep terms up to and including terms quadratic order in the recoil field strength F 2 , leading to the effective action (2.11). The reader should also recall that we have fixed the brane tension to (3.10) for convenience, which results in a canonical Maxwell kinetic term for the recoil vector field. The latter satisfies the constraint (A.11). We also set the dilaton field to zero φ 0 = 0, since our primary purpose here is to examine the possibility of a D-particle-recoil-driven inflation.
Using the condensation field [18]
(where C M4 ≡ 1 /(2πα ) 2 C(t) has dimension [mass] 4 , C(t) being defined in eq. (4.2)) and ignoring any matter during the inflationary era, the effective action we shall make use from now on reads
We define then the following constants
where for the cosmological constant we used eqs. and we obtain 
where we used α = Changing the metric g µν → g E µν ≡ (1 + σ) g µν and defining ϕ ≡ 3 2 ln (1 + σ) (4.15)
leads to the following
We hence get the action
where we added a constant of dimension [mass] 2 D ≡ κ 2 eff D term corresponding to a flux field condensate (cf. eq. (4.35) in the next subsection) as well as other dilaton-independent terms such as the rest mass contributions of a population of D-particles on the brane world to the vacuum energy density [18] (cf. eq. (2.7), as well as eq. (B.11) in appendix B). We note once again that, as in the large condensate case, it is this field that drives inflation but the fluctuations of the recoil-velocity ϕ inflaton field are what leads to exit from it.
Assuming σ 1 then ϕ √ 1.5 σ 1 and thus the field ϕ is also small. Assuming ϕ ∼ 0 and then Taylor expanding the exponentials, one obtains that the effective (inflationary) potential for small ϕ 1 reads
We shall now proceed to demonstrate that a purely D-particle recoil driven slow-roll inflation is impossible, in the case of weak condensate fields. To this end, one needs to study the slowroll conditions and the WMAP imposed constraints [30, 31] . More precisely, the number N of e-folds, the slow-roll parameters , η, ξ, the spectral index n s and the WMAP normalisation read
We note first that, as a result of the dilaton equation, the condition eq. (2.23) is imposed, implying thatΛ is negative and the coefficients of the linear and quadratic terms in ϕ that are present in eq. (4.19) are non-zero. This leads to non-trivial slow-roll parameters, yielding
which, combined with the definition of n s , leads to
Since N ∼ 60 and ∆ϕ 1, one has (1 − n s ) N/∆ϕ 1 and ∆ϕ/N 1, hence to a good approximation One is then led to the conclusion that no valid scenario exists for small field inflation induced by D-particles alone.
Inflation for large recoil velocity condensate fields
Let us now concentrate on the low string scale case, where the condensate (4.7) is large
where we used that the Planck data [1] point towards the fact that H I 10 −5 M Pl . In this case, one cannot expand the square root of the Born-Infeld action, but one can approximate it by ignoring the constant inside, that is the (Euclideanised space-time) action (2.1) becomes (setting φ 0 = 0 from now on)
where α is given by eq. (2.4) and the condensate is positive. Let us define the dimensionless field
by means of which the action (4.25) becomes
Before going further, we should make some remarks regarding the magnitude of the condensate field (4.26) . First of all we observe that, if we were to follow the galactic scale lensing analysis in section 3 using brane tensions that satisfy eq. (3.10) [15] , the condensate field would be small σ(t) 1 since Here we are interested in large field inflation, which, as we shall demonstrate below, can be induced by large recoil-velocity condensate fields σ(t)
1. The latter condition may be achieved if we relax eq. (3.10) and use large brane tensions, namely
The reader should recall eq. (2.18) where the parameter J was first defined. In such a case, we obtain from eq. (4.26) 30) which can be much larger than one. In this case from eq. (3.9) we obtain that
and κ 2 0 is a parameter independent from M Pl . Without loss of generality one can simply assume the relation (3.11), used in the previous section for the lensing analysis, which is consistent with eq. (4.24). In such a case one obtains
during inflation. In the remainder of this subsection we shall stick to this case. We now proceed to discuss how inflation is induced by such large condensates. As we shall show, the induced inflation is of Starobinsky-type [18] . We first redefine the metric in eq. (4.27) as g µν →g µν = (1 + σ)g µν . (4.32)
We also define a canonically normalised scalar field ϕ(t) = 3 2 ln 1 + σ(t) , (4.33) in terms of which the action (4.27) becomes
(4.34) where we took into account the conformal nature of the flux gauge term in four space-time dimensions. We may assume now that the flux field condenses into a constant one, which contributes to the vacuum energy as
The last three terms in the Euclidean effective action (4.34), define the Euclideanised (superscript E) effective potential of the ϕ field in the region of large values (defined with dimensions of [mass] 2 )
The reader should take notice of the relative sign of the potential compared to the kinetic term of the scalar field in (4.34), as appropriate for a euclidean effective action, which is just the effective Hamiltonian of the system. We should now analytically continue (4.36) back to the Minkowski space-time. This implies that, apart from the time being rendered a Minkowskian signature, x 4 → it, the field ϕ acquires an imaginary part 37) where now the fieldφ is real. Thus, from eq. (4.36), and assuming that the flux condensate D is of "electric" type so that under analytic continuation to Minkowski space-time one has D → −D, the potential acquires an imaginary part and is approximated by
Notice that the imaginary part of the potential is the only one appearing in the analyticallycontinued effective action (4.34), given that the kinetic terms are real, since the imaginary part of the ϕ field is constant in space-time.
The presence of an imaginary part indicates an instability of the de Sitter inflationary vacuum which is not an unwelcome fact. The field will roll down towards smaller values of H 2 . Eventually the condensate (4.7) will become smaller than the Born-Infeld critical field and hence the imaginary part will disappear. In this regime, one may expand the square root of the Born-Infeld action, as done in ref. [15] , to obtain the effective action relevant for the radiation and matter eras.
The imaginary part of the potential gives by definition the width, or equivalently, the inverse of the lifetime of the de Sitter vacuum, namely
(4.39) which is sufficiently long (as compared to the reduced Planck time κ 0 ) for any positive value ofφ ∼ √ 6 ln(H I /M s ). The real part of the effective potential (4.38)
is of Starobinsky type, provided one can tune the flux-field condensate to beD > 0 and such that the minimum of the potential occurs for the field valueφ = 0 and corresponds to zero potential. The quantityΛ is negative, as a consequence of the dilaton equation of motion, and in fact can be tuned to the value given by eq. (2.22) in order to ensure continuity of the inflation phase with the growth era. Hence, the coefficient of the e term is negative relative toD. An important feature of the approach here is that it is the gauge field flux condensate G µν G µν that induces a de Sitter phase (positive, almost constant, vacuum energy), and hence inflation, but it is the recoiling D-particles velocity vector field that induces a slowly rolling scalar degree of freedom that allows exit from inflation. Now, let us see how one can get slow-roll inflation in this case. We should recall that slow-roll requires the conditions (4.20), which we will now evaluate. For large condensate σ, one has 
where the last equation comes from the WMAP constraint. So, as is standard in Starobinskytype inflation, the constant A is not constrained by the slow-roll conditions (in our microscopic model, as we have already mentioned, we may tune it to the value determined by eq. (2.22) by demanding continuity of the inflationary epoch to the galactic-growth era of the string universe). Thus, fixing n s fixes N (and vice-versa). Indeed, one gets (from solving the second degree trinomial in N from eq. (4.42c) and choosing the positive solution)
Planck 2015 analysis [4] gives n s = 0.968±0.006 (68% CL, PlanckTT+LowP) which is shifted towards higher values compared to earlier results, that gave a central value n s = 0.965. The solid black line in figure 1 shows N as a function of n s for B = 2 2 /3. The vertical blue shaded area corresponds to the 68% CL interval for n s corresponding to the two central values n s = 0.965 and n s = 0.968, while the horizontal shaded area in red shows the relevant interval for N . The black dashed line highlights the central values for n s and the corresponding values for N . One notes the excellent fitting of the predictions of the model to the data. If we adopt n s = 0.965, we get N = 57.7, leading to 5.6 · 10
showing that every constraint related to the slow-roll conditions is satisfied: N ∼ 60, 1, η 1, ξ 1, while the WMAP constraint on V / gives constraints on the size of the potential. The constant A and the value of the fieldφ are not constrained at all so far except in that their combination A e −Bφ must satisfỹ which confirms the consistency of our model. Note that this result is not very sensitive to the value of B, especially to larger B. Indeed, even with B a hundred times larger, N is shifted towards lower values by less than 1 unit. Lowering B would modify a bit more our results but not much either, since with a B twice as small, N increases by less than 2 units while with a B four times smaller, N increases by less than 8 units (reaching about 70 for n s = 0.968).
At this point it is worth making a few important remarks. The considerations leading to eq. (4.40) indicate the possibility of inflationary scenarios for the redefined metricg µν through eq. (4.32). Nevertheless, for a slowly rolling condensate σ(t), as required during inflation, the original metric is also inflationary, up to a time coordinate change. Indeed, let us denote byt the cosmic time coordinate in theg-metric. The latter during inflation corresponds to a line-element of the form
in a standard FLRW notation, where
For a slowly moving σ field (almost constant), the two metrics differ by an overal scale factor, and the corresponding Hubble parameters are related as follows (quantities with a tilde pertain to the metric (4.32) and the coordinates (4.48))
since during inflationσ/σ 1 and can be neglected in front of the H =ȧ/a term (the overdot denotes time derivatives with respect to the cosmic time pertaining to the initial metric g µν ).
Taking into account (4.31) as a concrete example, for M s H I , we can estimatẽ
from which it follows that the inflationary scale of the original metric is much higher than H I , of order
The reader should bear in mind that above we matched the cosmological observations [1] on inflation with predictions made by the conformal rescaled metricg µν (4.32), and therefore it is the scaleH that we call the "physical" Hubble scale H I ∼ 10 −5 M Pl used in observations [1] . For a smooth connection with the galaxy data in this case we should use the action (4.34) with the metric (4.32), after the inflaton decays, that is we should couple it to matter and radiation. At the end of inflation the condensate of D-particles vanishes σ → 0 and the two metrics coincide. At the radiation era that succeeds the exit from inflation, the condensate field σ is replaced by the weak field F µν F µν and the action (2.15) describes now the dynamics. The only difference from the discussion in section 3 occurs in the large brane tension eq. (4.29) which replaces eq. (3.10). This will have quantitative only consequences in the allowed range of the β parameter, and hence the density of D-particles relevant for growth and dark matter. From the lensing equation (3.7), for instance, we see that it is now the parameter J |β| that is required to match the dark matter in a galaxy, and it is J |β| that appears on the left hand side of the inequality (3.13). This leads to much smaller upper bounds for the density of D-particles in order for them to mimic dark matter through their recoil-velocity-field fluctuations. In a similar manner, by repeating the analysis of ref. [15] in this case, one arrives at much smaller lower bounds for the density of D-particles required for growth of structure in the D-material universe. Another important aspect is that the condensate σ(t) defined in eq. (4.26), upon the redefinition of the metric (4.32), can be expressed in terms ofg µν as follows
whereσ is the condensate F µν F αβg µαgνβ , which, because is a scalar, will assume the same value if one passes onto the coordinates (4.48). For large σ 1 one obtains from (4.52) σ ∼ 1/σ 1. In terms of theσ field, the canonically normalized inflaton field defined in eq. (4.33) reads ϕ ∼ −ln(σ).
Finally, before closing this subsection, it is important to comment on the order of magnitude of the statistical parameter σ 2 0 ≡ σ 2 0,infl (4.8) during the large-condensate inflationary era with M s
eff . As we have already mentioned, this parameter is assumed constant during inflation, due to the fact that during that epoch the brane world moves in a bulk region which is densely populated by D-particle defects, in such a way that there is a large incoming flux of D-particles from the bulk onto the brane compensating any potential dilution of their population on the brane due to the brane-universe expansion. From eqs. (4.5), (4.31) we estimate σ 2 0,infl 
Estimates of the age of the D-material universe
Before closing this section we would like to make some crude estimates of the age of the Dmaterial universe t 0 in the case where inflation is driven by strong condensates of D-particle recoil velocities. It goes without saying that, without detailed microscopic models it is not possible to find a precise connection of the value of σ 2 0 |β| during galactic era with σ 2 0,infl , which would allow for a precise estimate of t 0 . Indeed, this would require knowledge of the bulk distribution of D-particles from the moment of the exit from inflation until the current era. In our complicated dynamical system, the equation of state of the pertinent cosmic fluid is not a constant and depends on many factors, including the density profile of the bulk and brane D-particles at any given era. Nevertheless, as we shall discuss below, one can make some simplifying assumptions, which allow us to make some estimates of the age of the D-material universe in a phenomenological context.
To this end, we first recall [15] that in the case of complete dominance of the classical recoil-velocity condensates, based on statistical populations of D-particles whose dynamics is governed by a Born-Infeld action of the vector field alone, the equation of state of the recoil-velocity fluid would be w = −1/3. This is the limiting case (from above) for which acceleration of the universe occurs. From the corresponding Friedmann equation, that would lead to a linearly expanding universe with the cosmic time, a(t) ∼ t, which is not physical. However, the D-material universe's Lagrangian is much more complicated than a simple Born-Infeld fluid. The presence of matter as well as non minimal couplings of the BornInfeld factors with space-time curvature (cf. eq. (2.1)) alter the situation drastically and one expects, as already mentioned, a time (redshift) dependent equation of state for the total fluid, D-particles and matter strings, w total (z), whose form is currently difficult to estimate without detailed knowledge of the density profile of the bulk D-particles.
Matter domination era in our case includes contributions to the stress tensor coming from the recoil velocities of the D-particles bound on the brane world, as a consequence of their interactions with string matter. Matter dominance, therefore, does not exclude the possibility that the contributions of the recoil-velocity fluid to the total energy density of the universe are of the same order of magnitude as the corresponding matter energy density during the galaxy formation era, that is with redshifts z > ∼ 1, which corresponds to the upper bound in the inequality (3.13). On the other hand, for the current era, i.e. redshifts z < ∼ 10 −2 , current data indicate a cosmological constant dominance, w total (z 0) = −1. If we make the (considerable) simplification that there is a depletion of bulk D-particles from the exit of inflation era until the galaxy formation era, and if we assume a simple power scaling of the energy density of the total fluid ρ total with the scale factor of the universe as ρ total ∼ a −3(1+w total ) (4.54) with w total approximately constant, then, from the Friedmann equation, we would obtain the following time dependence of the scale factor on the cosmic time a(t) matter+D−particle−recoil−fluid ∼ t 2 3(1+w total ) .
(4.55)
Then, assuming that eq. (A.19) is valid from the galactic era all the way back to the exit from inflation epoch, we obtain that, for a given moment t in the history of the D-material universe, the statistical variance of the D-particle recoil velocities behaves as
where a 0 ≡ a(t 0 ), with t 0 the universe age, is today's value of the scale factor, which is re-instated here for reasons that will become clear below.
At the exit from inflation, at cosmic times t = t infl , the variance is assumed to have the value σ 2 0,infl . Since we are interested in an order of magnitude estimate of the universe age, we are at liberty to ignore the short duration of the late de Sitter accelerating phase of the universe, and assume the scaling (4.54) for the statistical fluctuations of the recoil velocities from the inflationary era till practically today t = t 0 . Then from eq. (4.56) we obtain
Using the upper and lower bounds for |β| given in eqs. (3.13) and (3.15) , so that the recoil velocity fluid either mimics the dark matter in galaxies (upper bound) or at least is responsible for inducing growth of structures in the universe (lower bound), we obtain the following allowed range for the D-material universe age If we insist that the age of the D-material universe t 0 is in agreement with the corresponding ΛCDM model estimates from Planck data [1] , i.e. t ∼ 10 60 t Pl , then in case the upper bound (3.13) is satisfied -that is when the D-particle recoil-velocity fluid mimics dark matter in the galaxies, as far as lensing is concerned -we obtain for the equation of state w total = −0.085. On the other hand, for the lower bound case (3.15) to be satisfied -that is when the fluid of recoiling D-particles induces growth of structures in the universe, but falls short of reproducing the lensing effects of dark matter in galaxies -one obtains w total = −0.105.
These values are not far from the pure Born-Infeld equation of state w = −1/3 for classical condensates [15] . However, given that w = −1/3 is the maximum value for inducing acceleration in an Einstein universe, that satisfies the positive energy conditions, i.e. w > −1, we observe that in the matter dominated era the D-material universe decelerates, as it should be. As discussed in refs. [32] and [15] , quantum fluctuations of the recoil-velocity condensates that satisfy Born-Infeld dynamics, when they are dominant, can lead to an accelerating almost de Sitter phase, with equation of state near to p −ρ. To match with the current universe phenomenology, according to which the universe today appears to be in a de-Sitter-like phase, one is led to the conclusion that quantum fluctuations of the weak condensates, that characterise the current era, dominate over the classical statistical effects. This is plausible in the low temperatures of the current universe.
Conclusions and outlook
In this work we built upon our previous discussion on the potential rôle of the recoil-velocity fluctuations of D-particle (effectively point-like) defects in brane universes, by presenting a cosmic evolution of the so-called D-material universe. The latter is a brane world which is punctured by populations of D-particles and propagates in a bulk space with varying densities of such defects. In the early stages of the universe, one may encounter dense populations of bulk D-particles, which imply a dense population of D-particles bound to the brane world. For low string scales M s compared to the Hubble scale and for sufficiently large brane tensions compared to M 4 s , the recoil velocity fluctuations (as a result of the interactions of D-particles with open strings representing matter and radiation on the brane world) lead to the formation of large condensate scalar fields that can drive inflation. In the case of large string scales compared to the Hubble scale, or smaller brane tensions of order of M 4 s , the resulting condensates are small and cannot drive inflation. In such, inflation might be induced by other mechanisms, for instance it may be driven by large negative values of a slowly rolling dilaton field.
As (the cosmic) time lapses, the universe exits from a bulk region of such dense Dparticle populations, inflation ends and the universe enters a radiation dominated era, with power law expansion of the scale factor in cosmic time. In such a case, the recoil velocity fluctuations of the D-particle diminish with the inverse cubic power of the scale factor. The pertinent condensates are weak. At such late eras of the universe, it has been shown that the recoil-velocity-fluctuation fluid may "mimic" dark matter in a way compatible with lensing phenomenology. Of course, given that the underlying string theory contains its own particle dark matter candidates, our findings here should be interpreted only as suggesting that the recoil velocity component might be the dominant one in agreement with current lensing data. Certainly, given that this assumption implies only upper bounds for the pertinent densities of D-particles, the picture of a multicomponent dark matter where both conventional particle and D-particle candidates might play an equal rôle in dark matter composition cannot be excluded at present. The density of D-particles at a given era in the history of the Dmaterial universe is in a sense a free parameter in our low-energy treatment, although this can be actually controlled by performing numerical simulations of the evolution of a dense population of D-particles in colliding brane scenarios (whereby the collision implies the initial big-bang-like cosmically catastrophic event [12] ). This is not feasible at present.
Before closing we should point out that there are some important predictions of the D-material universe, given that the presence of populations of defects breaks translational invariance as well as Lorentz symmetry, the latter though only through quadratic recoil velocity fluctuations (on average the linear recoil velocity effects have been assumed to vanish (A.19)). The populations of D-particle defects act as a kind of "medium" (D-foam [12] ) which has a non-trivial refractive index, that leads to time delays of the more energetic particles that interact non trivially with the D-particle defects. String theory considerations [21] imply different (and much more pronounced) refractive index for particles neutral under the standard model group as compared with the rest of the probes. In this sense, the dominant effects of the D-particle medium are expected to characterise photons and gravitons. In the early universe, where the density of D-particles are significantly higher than that in the current era, one expects that such Lorentz-violating effects of the D-foam affect significantly the propagation of primordial gravitational waves. In our inflationary phenomenology above we assumed standard analysis of the cosmological perturbations in order to match the slow roll parameters to the data, and in particular the tensor to scalar ratio. In the actual situation, where the dynamics of the densely populated medium of D-particles is properly taken into account, one may have some non trivial effects on this ratio, which might lead to observational signatures. This is an open issue that we plan to pursue in the future.
A final comment concerns the production of D-particles, in case their masses are less than 7 TeV, in the run II of the Large Hadron Collider (LHC) and their potential detection. As discussed in ref. [13] , production of neutral D-D pairs, from decays of highly-energetic off-shell Z 0 -bosons, is a rare but possible event at LHC. Such production schemes follow from generic properties of D-matter that characterise its coupling with ordinary Standard Model particles [14] . The neutral defect pairs should manifest themselves in a way similar to ordinary particle/antiparticle dark-matter pairs at colliders. However, the D-particles have an additional peculiar property, which implies non conventional ways of detection. Specifically, their presence results in a deficit angle in the neighboring space-time [33] , in a remote analogy to the effects (on the exterior space-time) of a global monopole, a configuration appearing in field-theoretic models with spontaneous breaking of rotational O(3) symmetry [34] . Once therefore a D-particle is produced (in a pair with its antiparticle) in a collider, the colliding Standard-Model particles in the beam will find themselves in the environment of a spacetime with a deficit angle. It is known that in such space-times scattering amplitudes produce local maxima (formally divergencies) when the scattering angle equals the deficit angle of the space-time [35] . This leads to strange scattering patterns ("Newton-like rings") around the trajectory of the defect, thereby making its detection possible in ATLAS and CMS LHC experiments, or even in the MoEDAL LHC experiment [36] . The latter is the seventh LHC recognised experiment, which is dedicated to the detection of highly ionising avatars of new physics, including the aforementioned D-matter, which though would not behave as highly ionising but result in these strange patterns of scattering of Standard Model matter in the environment of the defect. The latter are detectable in principle [37] by the "scars" they may leave in the various types of passive detectors (such as TimePix) surrounding the collision point of the LHCb-experiment, near which MoEDAL is located. In view of the interesting cosmological properties of D-matter, outlined in the present work and in ref. [15] , producing it at LHC, if it exists and is sufficiently light, would further enhance the opportunities of studying its peculiar properties and unravel its braney structure. This in turn, may result in a better understanding of fundamental properties of brane theory itself.
Upon a T-duality transformation, assuming it to be an exact symmetry of the underlying string theory, we observe that the vertex operator (A.4) corresponds to that of a covariant vector (gauge) field 9
where ∂ τ denotes tangential world-sheet derivative. The vector field has spatial components [15, 17] 
For a FLRW background with a power-law scale factor a(t) ∼ t p relevant for the matter dominated era we were interested in ref. [15] , and for times large compared to the moment of impact t c for any given D-particle, one has [17]
which, on account of eq. (A.6), implies the form (A.3), having absorbed irrelevant numerical factors into the definition of the recoil velocity and restored the correct dimensionality via appropriate powers of √ α . The temporal component of the covariant vector field A 0 cannot be fixed in this approach, given that the target time coordinate satisfies Neumann boundary conditions on the world-sheet, and as such ∂ n t(σ) = 0 and thus does not appear in the original vertex (A.4) in the Dirichlet picture. In ref. [15] , and for the case of cosmological space-times only, we have covariantised the vector background by considering the temporal component of the (T-dual) vector field to be such that the four-vector field A µ (of mass dimension one) assumes the form
where u µ = dx µ /dτ is a (dimensionless) four-velocity, satisfying the time-like constraint (in our convention)
The cosmological FLRW space-time have the conformally flat form (in conformal time η coordinates, cf.
where C(η) is the scale factor as a function of the conformal frame, i.e. we have C(η) = a 2 (t). In view of eqs. (A.9) and (A.10), the vector field (A.8) appears to satisfy the constraint
since g µν = C −1 (η) η µν for the FLRW metric in conformal time frame. Since the left-handside of (A.11) is coordinate-frame independent, the constraint (A.11) also characterises the FLRW time frame (A.1).
9 That there is an Abelian gauge symmetry associated with the vertex (A.5) is obvious due to the fact that, upon a U (1) target-space gauge transformation, with parameter θ(X α (σ, τ )), under which Aµ → Aµ +∂µθ(X), the vertex remains unchanged, since ∂Σ ∂µθ(X) ∂τ X µ = ∂Σ d dτ θ = 0, since the boundary of a boundary is zero by construction.
Note that in conformal time η coordinates, the field strength (A.3) becomes
where the prime now means derivation with respect to η. Thus, the cosmological background appears to break (spontaneously) the stringy gauge symmetry, leading to a massive vector field. This has been taken into account in the analysis of ref. [15] as well as in this work, whenever the global (cosmological) background (A.8) is used, like, for instance, in the section 4 where we shall consider its role in an inflationary era of this string/fluctuating-D-particle universe.
However, when one considers local regions of space-time, such as a galaxy, of relevance to phenomenological tests of the model via lensing analyses, discussed in section 3, the spacetime background is assumed static and spherically symmetric to a good approximation, of the form where we kept track of the (small) universe expansion at the galactic era through the dependence of the metric on the scale factor a(t); here r = r(x, y, z) = x 2 + y 2 + z 2 in terms of Cartesian coordinates. The reason why we expressed the metric in Cartesian coordinates will become clear later. This metric is used in section 3. In such metrics, the (recoil) fluctuations of the D-particle due to their interactions with open strings, representing galactic matter in our brane world, correspond to world-sheet deformations of gauge fields that can be well approximated by 10 A i ( x, t) 1 α g ij ( x, t) Y j (t)Θ(t − t c ) ∝u i = 1 α g ij ( x, t) u j t a(t c ) 2 a(t) 2 − t c , t > t c , (A.14)
with u i (i = x, y, z) the spatial components of the D-particle recoil 3-velocity in Cartesian coordinates. In constructing the local velocity field above, we took into account the non clustering effects of the D-particles, by maintaining their spatial trajectories as given by the geodesics Y i (t) in the global case (A.7), but replacing the FLRW metric by the local metric (A.13). However, for populations of D-particles in the neighbourhood of a galaxy, which are relevant for the lensing phenomenology of the D-material universe we are interested in here, the impact time t c is of the same order of magnitude as the FLRW cosmic time of a galaxy of given redshift z [22] t c ∼ 2
where H 0 is the present value of the Hubble constant. In what follows, we discuss redshifts z 10 so essentially this amounts to setting a(t c ) ∼ a 0 = 1 in an order of magnitude, where t 0 is the present time, since in galactic eras the expansion of the universe is assumed small. Because of this, we kept the explicit (cosmic) time dependence of Y i (t) in eq. (A.14), in contrast to the global case (A.7). In lensing analysis, discussed in section 3, the cosmic time t appearing in eq. (A.14) and subsequent formulae, coincides with the time of observation, that is the present time t = t 0 .
The vector field A µ in (A.14) also satisfies the constraint (A.11). It can then be shown after detailed computations that, on account of the constraint, any terms ∂ i A t in F ti are subleading compared to ∂ t A i , and thus from (A.14), (A.13) we conclude that to a very good approximation 16) where H(t) ≡ȧ (t) a(t) is the Hubble parameter at (cosmic) time t. As already mentioned, for lensing measurements the time t is the time of observation, that is today t = t 0 , for which a(t 0 ) = 1 in our normalisation. Thus, using eq. (A.15) and the fact that for an expanding universe a(t c ) = a 0 1 1+z , with z the redshift of the galaxy in the neighborhood of which we consider local populations of D-particles, we obtain from (A.16)
In a similar manner, the "magnetic type" field strength components F ij are much smaller than F ti as becomes clear from the expression 18) where i, j, k, m, n denote Cartesian spatial 3-coordinates, the prime in ζ (r) denotes derivative with respect to r and [i...j] denotes antisymmetrisation in the respective indices. We now notice that ζ (r) ∝ − M r 2 , M being the mass of the galaxy, is the gravitational acceleration induced by the galaxy on a D-particle, which is negligible compared to the terms we keep here, thus implying (A.18) leads to suppressed contributions in the dynamics as compared to the F 0i terms, which we concentrate upon from now on.
For late (galaxy formation) eras of the universe, we consider populations of D-particles with fluctuating recoil velocities, which are assumed to be Gaussian stochastic for simplicity u m u n = σ 2 0 (t) δ mn , u m = 0 , σ 2 0 (t) = a(t) −3 |β| , (A. 19) in order to macroscopically maintain Lorentz invariance in populations of D-particle defects. Notice that here, u i are Cartesian coordinates, which is the reason we previously were interested in expressing the local metric fluctuations in terms of such coordinates. The transformation of the result to spherical polar coordinates is of course straightforward. The reader is invited at this stage to notice the presence of the (inverse cube of the) scale factor in eq. (A.19), which will play a rôle later, which arises from the fact that the statistical fluctuations are proportional to the cosmic density of defects at a global scale [15] , with a(t) 3 denoting the proper volume in a FLRW universe. In a semi-microscopic treatment, this scaling of σ 0 can be justified by noting that essentially 20) where g ij ( x, t) is the metric (A.13), D is a spatial domain (with (proper) three-volume V D ) upon which the (statistical) average over D-particle populations is considered at any given moment in cosmic time t, and P = At this point we should make the following remark. The quantum fluctuations about such averaged quantities over populations of D-particles can be described in terms of the low-energy string effective action, cf. eq. (2.1) discussed in the main text. The nonlinear Born-Infeld dynamics encoded in this action might then be responsible [32] for the formation of quantum condensates of the recoil velocity field that characterise the early universe epoch, which are distinct from the statistical averages (A. 19 ) that correspond to the classical part of a condensate F µν F µν of the D-particle recoil velocity field. In our considerations in this article, the inflationary epoch is characterised by very dense populations of D-particles, and as such one may consider the classical, statistical effects as dominant.
B Large-dilaton-induced Starobinsky-like inflation for small condensates Although small condensate inflation induced by the D-particle population alone, with a zero dilaton, is not a viable scenario, as we have seen above, nevertheless one may [18] obtain Starobinsky-type inflation induced by the dilaton in a slow-rolling regime where the dilaton assumed large negative values. In this case, a crucial rôle is played by the D-particle small condensates in assisting this inflation in the sense of providing the means for a potential minimum towards which the dilaton field (which plays here the rôle of an inflaton) rolls slowly. The details have been presented in ref. [18] and will not be repeated here, however, for completeness, we shall outline below the main features.
In the case of a non trivial dilaton φ, a convenient starting point is the σ-model-frame effective action (2.1), expanded (for small condensate fields) up to quadratic order in F 2 recoil field strength with n s the proper space density of D-particles in the string frame, is a contribution to the brane vacuum energy due to the (rest) mass of the D-particles (cf. eq. (2.5)). Upon considering vacuum condensates in a Hartree-Fock approximation, i.e. replacing F µν F µν by the condensate field in the presence of a dilaton F µν F µν ∼ C M 4 (t), such that one can define the dimensionless condensate field σ(t, x) σ(t, x) ≡ 
